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Introduction

Quark model proposed by Gell-Mann and Zweig in 1964
Tetraquark and pentaquarks are not a priori excluded...
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Experimental status
XYZ keep appearing, continuous efforts to understand their nature

State Experiment

X (3872) Belle, CDF, D0, Babar, LHCb, BESIII, CMS
X (3915) Belle, Babar
X (3940) Belle
G(3900) Babar, Belle
Y (4008) Belle
X (4140) CDF, LHCb, CMS, D0, Babar, Belle, BESIII
X (4160) Belle
Y (4260) Babar, CLEO, Belle
X (4274) CDF, CMS, Babar, BESIII, LHCb
X (4350) Belle
Y (4360) Babar, Belle
X (4630) Belle
Y (4660) Belle

Z+
c (3900) BESIII, Belle, CLEO

Z+
c (4020) BESIII

Z+
1 (4050) Belle, Babar

Z+(4200) Belle
Z+

2 (4250) Belle, Babar
Z+(4430) Belle, Babar, LHCb
Yb(10890) Belle

Z+
b (10610) Belle

Z 0
b (10610) Belle

Z+
b (10650) Belle

Pc(4450)+ LHCb
Pc(4380)+ LHCb

Please see Dr. Estia Eichten’s talk for theoretical discussions
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[S.L. Olsen, Front. Phys. 10 (2015) 101401]
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The X (3872) (cc̄[uū + dd̄ ])

X (3872) discovered by Belle with B+→ K+J/ψ π+π− in 2003,
quickly confirmed by CDF and D0 in pp̄ collisions

Nature of X (3872) still unclear
I Molecular state, DD̄0∗ threshold (JPC = 0−+, 1++)
I Tetraquark (1++)
I χc1(23P1) (1++) or ηc2(11D2) (2−+)
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[Belle, PRL 91 (2003) 262001] [CDF, PRL 93 (2004) 072001] [D0, PRL 93 (2004) 162002]



Determining JPC of X (3872)

Thanks to CDF, Belle and Babar, JPC of X (3872) narrowed to
1++ or 2−+

Full 5D angular analysis by LHCb, with ∼ 310 B+→ X (3872)K+

in 2011 data (1 fb−1), 2−+ rejected by 8σ

All assumed the lowest orbital angular momentum Lmin in
X (3872)→ J/ψ ρ
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[LHCb, PRL 110 (2013) 222001]



Determining JPC of X (3872), w/o assuming Lmin

LHCb updated analysis without
assuming Lmin, w/ 3 fb−1 data

JPC = 1++ confirmed, D-wave fraction <4% at 95% C.L.
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[LHCb, PRD 92 (2015) 011102(R)]



X (3872)→ J/ψ γ , ψ(2S)γ

Rψγ ≡ B(X→ψ(2S)γ)
B(X→J/ψ γ) expected different for cc̄ or DD̄∗0 molecule

Following Babar, Belle, LHCb also studied X (3872)→ J/ψ γ ,
ψ(2S)γ with 3 fb−1 of data
Evidence of X (3872)→ ψ(2S)γ found, 4.4 σ .
Pure DD̄∗0 molecule disfavored
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[LHCb, NPB 886 (2014) 665]



X (3872) hadroproduction

Following CDF, LHCb, CMS also studied
X (3872) production at 7 TeV
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[CMS, JHEP 04 (2013) 154]

[P. Artoisenet and E. Braaten, PRD 81 (2010) 114018]



The X (4140) and X (4274) (cc̄ss̄)

Seen by CDF in B+→ K+J/ψ φ , not by LHCb... All 1D fits
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[CDF PRL 102 (2009) 242002, arXiv: 1101.6058] [LHCb, PRD 85 (2012) 091103(R)]
[D0, PRD 89 (2014) 012004] [CMS, PLB 734 (2014) 261]



B+→ J/ψ φK + in LHCb full data set New

Jibo HE (UCAS) Exp. review of pentaquarks and tetraquarks FPCP2016 @ Caltech 10 / 30

[LHCb-Paper-2016-018, in preparation]



Amplitude fit including 4 exotic X New
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[LHCb-Paper-2016-018, in preparation]



The X (4140) and X (4274) properties New

X (4140), significance 8.4σ

I Mass consistent with previous measurements, width lager
I JPC = 1++ determined at 5.7σ

X (4274), significance 6.0σ

I Mass/width consistent with the CDF unpublished results
I JPC = 1++ determined at 5.8σ
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[LHCb-Paper-2016-018, in preparation]

LHCb preliminary



Observation of two new X states New

Significant structures at higher masses, best described by two
new 0++ resonances X (4500), X (4700)

I Significance of 6.1σ , 5.6σ

I JPC = 0++ determined at 4.0σ , 4.5σ
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[LHCb-Paper-2016-018, in preparation]

LHCb preliminary



Hadroproduction of X (4140)

First evidence of prompt production of X (4140), 4.7σ

Fraction of X (4140) from b-decays fb = 0.39±0.07±0.10
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[D0, PRL 115 (2015) 231001]

−0.025 < Lxy < 0cm 0 < Lxy < 0.025cm



The Z (4430)− (cc̄dū)

Seen by Belle in B0→ K+ψ(2S)π−, with 605 fb−1 @ Υ(4S)
I M = 4433±4±2 MeV, Γ = 45+18+30

−13−13 MeV

Not confirmed by Babar with 413 fb−1 @ Υ(4S)
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[Belle, PRL 100 (2008) 142001] [BaBar, PRD 79 (2009) 112001]



The Z (4430)−, further studies by Belle

Dalitz analysis (2D) in 2009 (605 fb−1)
I M = 4443+15+19

−12−13 MeV, Γ = 107+86+74
−43−56 MeV

Full 4D angular analysis in 2013 (711 fb−1), Nsig ∼ 2k
I M = 4485+22+28

−22−11 MeV, Γ = 200+41+26
−46−35 MeV

I JP = 1+ favored by > 3.4σ
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[Belle, PRD 80 (2009) 031104, PRD 88 (2013) 074026]



The Z (4430)−, further studies at LHCb

LHCb did both full 4D angular analysis and model-independent
analysis, with 10 times
more signal Nsig ∼ 25k

I M = 4475±7+15
−25 MeV,

Γ = 172±13+37
−34 MeV

I JP = 1+ established
Argand plot shows
clear resonance feature
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[LHCb, PRL 112 (2014) 222002, PRD 92 (2015) 112009]



The Zc family (cc̄ud̄ [uū + dd̄ ])

Several Zc states found by BESIII, Belle, CLEO
Zc(3900) & Zc(3885) the same? Zc(4020) & Zc(4025)?
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The Zc family (cont.)

Zc(3900) & Zc(3885) the same? Zc(4020) & Zc(4025)?
I Masses and widths consistent with each other within 2σ

I Seem to favor the same JP

Zc Mass (MeV/c2) Width (MeV/c2) Decay mode JP

Zc(3900)+ 3899.0±3.6±4.9 46±10±20 π+J/ψ 1+

Zc(3900)0 3894.8±2.3±2.7 29.6±8.2±8.2 π0J/ψ
Zc(3885)+ 3882.3±1.1±1.9 26.5±1.7±2.3 (DD̄∗)+ 1+

Zc(3885)0 3885.7+4.3
−5.7±8.4 35+11

−12±15 (DD̄∗)0

Zc(4020)+ 4022.9±0.8±2.7 7.9±2.7±2.6 π+hc
Zc(4020)0 4023.8±2.2±3.8 7.9 (fixed) π0hc
Zc(4025)+ 4026.3±2.6±3.7 24.8±5.6±7.7 (D∗D̄∗)+

Zc(4025)0 4025.5+2.0
−4.7±3.1 23.0±6.0±1.0 (D∗D̄∗)0
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The X (5568)+ by D0 (b̄sud̄)

X (5568)+→ B0
s π+ observed by D0 with 5.1σ

I M = 5567.8±2.9+0.9
−1.9 MeV

I Γ = 21.9±6.4+5.0
−2.5 MeV

I ρD0
X ≡

σ(X )B(X→B0
s π+)

σ(B0
s )

|D0Acc

= (8.6±1.9±1.4)%
for pT(B0

s ) > 10 GeV
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[D0, arXiv: 1602.07588]



The X (5568)+, not confirmed by LHCb

Using both B0
s → D−s π+ and B0

s → J/ψ φ , cut based selection for
clean B0

s samples, N(B0
s ) 10 times more than D0
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[LHCb-CONF-2016-004]



The X (5568)+, upper limits on production rate

Upper limits on X (5568)+ production rate at LHC
I ρLHCb

X (B0
s pT > 5 GeV) < 0.009(0.010) @ 90 (95)% C.L.

I ρLHCb
X (B0

s pT > 10 GeV) < 0.016(0.018) @ 90 (95)% C.L.
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[LHCb-CONF-2016-004]



Λb→ J/ψ pK +, unexpected structure in mJ/ψ p
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[LHCb, PRL 115 (2015) 072001]



Observation of Pc(4450)+ and Pc(4380)+ (cc̄uud)
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[LHCb, PRL 115 (2015) 072001]
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Observation of Pc(4450) and Pc(4380) (cont.)

Two new states needed to describe the data

Argand plots

Branching fractions also measured
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[LHCb, PRL 115 (2015) 072001, Chin. Phys. C 40 (2016) 011001]



Pentaquark, model-independent analysis

Model-independent approach: not assume anything about Λ∗, Σ∗

or NR compositions, spin, masses, widths or mass-shape
Only restrict maximal spin of allowed Λ∗ at given mKp

Null hypothesis (H0) rejected at 9σ
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[LHCb, arXiv:1604.05708]



Cabbibo suppressed vs favored Λb decay

Cabbibo suppressed Λb→ J/ψ pπ+, signal yields 10 times
smaller than Λb→ J/ψ pK+

Relatively higher background...
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[LHCb, PRL 115 (2015) 072001] [LHCb-Paper-2016-015, in preparation]



Cabbibo suppressed Λb→ J/ψ pπ+
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[LHCb-Paper-2016-015, in preparation]



Pentaquarks in Λb→ J/ψ pπ+ decay New

Not enough statistics to do open-ended analysis of J/ψ p, J/ψ π−

contributions, check data for previously observed states
Combined significance of Pc(4380)+, Pc(4450)+, Zc(4200)−

together, 3.1σ
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[LHCb-Paper-2016-015, in preparation]
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Summary

Many charmonium-like and bottomonium-like XYZ states found in
the past decade, their nature remains unclear

I Pentaquarks, tetraquarks; molecule; cc̄/bb̄?

Great progress made to help understand their nature
I JPC , X (3872), Z (4430)−, X (4140), ...
I New decay modes, X (3872)→ ψ(2S)γ , ...
I Hadroproduction, X (3872), X (4140)

Tensions between results of different experiments resolved, e.g.,
Z (4430)−, X (4140); new tension appears, X (5568)+

Your suggestions on high-priority analysis are always welcome
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